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Study of interfaces in organic semiconductor heterojunctions
Introduction Introduction Introduction Introduction Introduction
Organic electronics has attracted worldwide attention, due to the advantages of low-cost, ease of processing, compatibility with a wide range of substrates, large area and the ease of tailoring the material characteristics. The potential devices comprise of organic transistors [1] , organic photovoltaic cells [2, 3] , organic light emitting diodes [4] and organic memory devices [5] . Organic heterojunctions are intrinsic to organic devices. Considerable work is focused on the heterojunctions towards understanding the physics of device operation and performance [6] [7] [8] [9] . Many aspects of device operation are quite well understood. However, there is considerable knowledge gap in the understanding of structural and electronic properties of interfaces, between organic and inorganic components, which are important for understanding and optimization of electronic processes in these devices. Engineering of the interfacial properties, to improve device performance by utilizing various surface modification schemes, is another area of current interest.
In organic devices, energy level alignment and interfacial dipole has been observed at the interfaces, due to charge transfer at the heterojunctions [10, 11] . The dependence of molecular orientation on charge transfer and interfacial dipole has also been reported [12, 13] . The molecular orientation near the interfaces, mainly governed by molecule-molecule and molecule-substrate interaction, can
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They represent one of the most promising candidates for ordered organic thin films as these systems possess advantageous attributes such as thermal and chemical stability, and, excellent film growth characteristics [16] . The electronic and optical properties of Organic semiconductor (Osc) thin films, strongly depend on their structure and morphology [17] . The fabrication of heterojuctions involves controlled growth of OSC thin films. However, fabrication of hetero-multilayered structure is a challenge, due to large anisotropy and relatively weak nature of interaction forces between organic molecules [16] .
Beam-based positron annihilation spectroscopy has been found to be a very sensitive technique to probe open volume defects present at the surfaces and interfaces, which is not possible by any other conventional defect characterization techniques. The unique repulsive force between positron and ion cores of the material makes the positron ideal for probing defects, voids and free volumes.
The presence of open volume defects / free volume manifests as increase in lifetime and narrowing of the momentum distribution. The latter is often described by a shape parameter, namely Doppler broadening Sparameter, defined as the ratio of the number of counts in the central part of 511 keV gamma line to the total number of counts under the peak. The increase in Sparameter corresponds to an increase in number or size of the defect or void.
The morphology of OSC thin films as a function of temperature and the type of substrate as well as the thickness of the films has been reported by us earlier [18] .
In the present work, microstructure of the organic-organic as well as organic-inorganic (film-substrate) interfaces of the heterojunctions, has been studied. Doppler broadened S-parameter as a function of positron energy is seen to be sensitive to the interfacial microstructure. We have observed for the first time, sharp contrast in S-parameter at the interfaces in organic heterojunctions indicating the presence of considerable disorder, contrary to the reported ordered superstructure obtained from X-ray measurements.
Experiment Experiment Experiment Experiment Experiment
Single layer and multilayer structure of n-type (copperhexadecafluoro-phthalocyanine; F The epitaxial relation of film and the substrate is important not only in crystallographic sense but also for growth behavior. The organic molecules have large anisotropy and internal degrees of freedom, due to low symmetry and extended size [16] . The effect of size difference of unit cells of organic molecules and the inorganic substrate as well as molecule-substrate interaction, leads to translational and orientational domains, which are the sources of disorder [16] . The subsequent growth of the film is accomplished by the interplay of molecule-molecule and molecule-substrate interaction [19] .
The organic-organic interfaces are distinctly clear in the case of multilayered structures; p-n and n-p-n heterojunctions. These interfaces experience weak van der Waals forces existing between the organic molecules. It has been reported in literature, that these structures exhibit ordered arrangement of molecules across the heterojunction [20] . Also, energy level bending due to charge transfer at the heterojunction, leads to the formation of charge accumulation layer and interfacial dipole [21] . However, the presence of defects / open volumes / domains of disorder are clearly revealed from our slow positron beam studies. Fig. 3 shows S-parameter profile for p-n junction. This structure comprises of both an organic-organic (n and p-type OSC) and organicinorganic (OSC-substrate) interface. A sharp contrast in 
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S-parameter can be seen at the two interfaces corresponding to energies 1.8 keV and 5.7 kev respectively. Similar interfacial characteristics have also been observed for n-p-n junction represented by the sharp oscillatory behavior of S-parameter near to the interfaces between np and p-n type OSC materials (bulk film) as well as filmsubstrate as shown in Fig. 4 . The increase in S-parameter value near the interface, is the convoluted effect of defects arising due to the growth behavior of different types of organic molecules and the intrinsic electric field, due to interfacial dipole at the interface. It is to be noted, that for energies higher than 1.8 keV, the standard Makhovian profile for positron implantation shows wide (in comparison to film thickness) and smoothly varying form and should not lead to sharp interfaces (as reflected from oscillatory behavior of S-parameter). However, electric field at the interfaces due to charge accumulation, might have modified the standard Makhovian profile. This must be taken into account to explain the sharp oscillations in Sparameter. The mean depths of these interfaces as calculated by positron implantation profile, are observed to be shifted towards the larger depths. The shift in the depth appears to be due to the cumulative effect of increased diffusion of positrons on the substrate side, where diffusion length has been found to be high and leading to broadening of implantation profile. However, the role of electric field, especially in multilayers cannot be ruled out.
In conclusion, we have reported positron studies on the organic heterojunctions. A large degree of disorder or presence of open volume defects at the interfaces are seen, which are believed to have ordered structure from X-ray studies. The observed contrast in the S-parameter at the interfaces, makes the positron beam technique a potential characterization tool in organic electronics and, we believe more detailed information on the heterojunction microstructure can be obtained through suitable modeling.
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